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DESIGN  AND  OPERATING  CHARACTERISTICS  OF  A  CW 
RELEVANT  QUASI-OPTICAL  GYROTRON  WITH  VARIABLE 
MIRROR  SEPARATION 

I  Introduction 

There  is  currently  a  need  for  megawatt  average  power  sources  of  100-300  GHz  radiation  for 
electron  cyclotron  heating  of  fusion  plasmas.  The  leading  candidate  for  such  a  source,  the 
waveguide  cavity  gyrotron  [1],  has  produced  output  powers  of  765  kW  and  efficiencies  of 
30%  at  148  GHz  in  a  CW-relevant  configuration  [2].  However,  this  gyrotron  configuration 
is  limited  at  high  frequencies  by  high  ohmic  heating  and  problems  with  transverse  mode 
competition,  due  to  the  highly  overmoded  configuration,  and  with  beam  collection,  since 
the  beam  must  be  collected  along  a  section  of  the  output  waveguide.  The  quasi-optical  gy¬ 
rotron  (QOG),  first  proposed  in  1980  by  Sprangle,  Vomvoridis  and  Manheimer  [3],  features 
an  open  resonator  formed  by  a  pair  of  spherical  mirrors  instead  of  a  waveguide  cavity  and 
has  the  potential  for  overcoming  each  of  these  limitations.  The  resonator  mirrors  can  be 
well  removed  from  the  beam- wave  interaction  region,  allowing  a  large  volume  for  the  inter¬ 
action  and  low  ohmic  heating  densities  at  the  mirrors.  The  beam  direction  is  transverse  to 
the  cavity  so  that  beam  collection  is  separate  from  the  output  waveguide.  This  geometry 
is  particularly  well  suited  to  the  use  of  a  depressed  collector  for  electron  beam  energy  re¬ 
covery.  The  QOG  operates  in  the  lowest-order  transverse  (TEMooi)  Gaussian  mode  of  the 
resonator,  higher-order  transverse  modes  being  effectively  suppressed  by  higher  diffraction 
losses.  Output  coupling  is  via  diffraction  around  the  mirrors  and  can  be  controlled  inde¬ 
pendently  of  other  interaction  parameters.  The  axial  mode  separation  is  small  compared 
to  the  interaction  bandwidth  in  CW-relevant  configurations  so  that  multimode  effects  are 
important. 

The  theory  of  multimode  operation  was  developed  by  Bondeson,  Manheimer  and  Ott  [4]. 
The  theory  of  quasi-optical  gyro-klystrons  and  of  operation  at  the  harmonics  of  the  electron 
cyclotron  frequency  has  also  been  examined  [5,6].  The  first  QOG  experiment  was  carried 
out  in  1984  by  Hargreaves  et  al.  [7]  and  used  a  resonator  with  a  4  cm  mirror  separation. 
Consistent  with  the  relatively  low  axial  mode  density  of  this  resonator,  single-mode  oper¬ 
ation  was  observed  at  powers  up  to  80  kW  at  a  frequency  of  110  GHz  and  an  efficiency  of 
11%.  The  first  experiment  with  large  mirror  separation  (81  cm)  was  conducted  in  1986  by 
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Read  tt  al.  [8]  and  achieved  an  output  power  of  50  kW  at  a  frequency  of  115  GHz  and  an 
efficiency  of  7%. 

The  QOG  is  currently  under  investigation  by  several  different  groups.  Alternate  res¬ 
onator  configurations  have  been  proposed  and  analyzed  by  Zhonghai,  Shenggang  and 
Kongyi  of  the  People’s  Republic  of  China  [9,10]  and  an  experimental  study  of  different 
output  structures  has  been  performed  by  Morse  and  Pyle  [11].  Itoh  et  al.  have  utilized 
yet  another  resonator  design  to  produce  20  kW  of  RF  power  at  an  efficiency  of  16%  and  a 
frequency  of  120  GHz  [12].  This  experiment  utilized  a  relatively  low  power  electron  beam 
(V  =  30  kV,  I  =  3.5  A).  Experiments  similar  to  those  described  here  axe  being  performed 
by  Tran  et  al.  [13].  With  limited  experimental  time,  powers  and  efficiencies  as  high  as 
85  kW  and  10%  have  been  observed  from  a  cavity  with  a  mirror  separation  of  34  cm. 

A  resonator  mirror  separation  of  81  cm  is  much  larger  than  necessary  for  a  CW  device 
and  therefore  has  many  more  cavity  modes  than  necessary  within  the  interaction  bandwidth 
of  the  device.  The  limiting  factor  on  reducing  the  mirror  separation  is  the  ohmic  heating 
of  the  mirrors.  To  be  relevant  to  a  CW  device,  the  ohmic  losses  must  be  kept  below  a  few 
kW/cm2.  To  investigate  the  operation  of  a  QOG  with  a  minimum  mode  density  consistent 
with  a  CW  device,  experiments  have  been  performed  utilizing  a  resonant  cavity  with  a 
mirror  separation  of  20-28  cm. 

A  consequence  of  the  use  of  a  spherical  mirror  cavity  with  diffraction  output  coupling 
is  that  the  output  coupling  can  be  a  sensitive  function  of  the  mirror  separation  while  the 
gyrotron  interaction  length,  which  depends  on  the  radiation  beam  waist,  remains  approx¬ 
imately  constant.  This  feature  has  been  exploited  for  the  first  time  in  this  experiment 
by  using  mirror  holders  which  are  adjustable  over  a  wide  range.  The  ability  to  vary  the 
separation  of  the  resonator  mirrors  from  20  to  28  cm  allowed  the  resonator  output  coupling 
to  be  optimized  with  respect  to  the  electron  beam  power.  It  also  allowed  new  tests  of 
the  gyrotron  scaling  theory.  The  coupling  of  the  annular  electron  beam  to  the  standing- 
wave  radiation  in  the  cavity  could  be  varied  by  translating  the  cavity  transversely  to  the 
electron  beam.  Finally,  precise  mirror  alignment-needed  for  optimum  cavity  Q-v/as  easily 
maintained. 
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Several  other  aspects  of  this  experiment  have  been  upgraded  from  past  experiments  as 
well.  The  vacuum  window  that  the  output  radiation  passes  through  which  is  used  here 
is  made  of  thin  (~  A/10)  mylar.  Thus,  the  window  is  essentially  completely  transparent 
over  the  complete  frequency  range  of  the  experiment,  making  the  measurement  of  the 
relative  amplitudes  of  the  different  modes  possible.  Also,  the  possibility  of  the  RF  being 
reflected  from  the  window  back  into  the  resonant  cavity  and  affecting  the  electron  beam- 
RF  interaction  is  minimized.  The  new  superconducting  magnet  used  in  this  experiment 
was  much  more  reliable  than  the  magnet  used  in  the  past  and  also  produced  a  much  more 
uniform  axial  magnetic  field.  Essentially  the  electrons  now  have  a  much  lower  magnetic 
field  bump  to  pass  over  as  they  travel  into  and  out  of  the  resonant  cavity. 

This  paper  presents  results  from  a  thorough  and  extensive  experimental  study  of  the 
first  QOG  to  operate  at  powers  over  100  kW  using  a  CW-relevant  resonator.  The  QOG 
was  tunable  from  95-130  GHz  and  operated  at  powers  up  to  148  kW  and  output  efficiencies 
up  to  12%.  The  peak  electronic  efficiency  is  estimated  to  be  16  ±  2%.  The  main  effect 
responsible  for  the  difference  between  the  output  and  electronic  efficiency  is  ohmic  heating 
of  the  mirrors  which  can  be  a  significant  fraction  of  the  total  output  at  low  output  coupling. 
This  effect  becomes  small  at  MW  output  power  levels  due  to  larger  output  coupling.  Single¬ 
mode  operation  was  observed  at  powers  up  to  125  kW.  Conditions  for  single-mode  operation 
in  the  highly  overmoded  system  have  been  characterized  and  compared  with  theoretical 
predictions.  Efficiency  optimization  by  variation  of  output  coupling  and  by  tapering  the 
magnetic  field  have  been  demonstrated.  These  results  point  the  way  to  the  realization  of 
megawatt  level  devices  with  output  efficiencies  of  ~  20%. 

A  detailed  description  of  the  experimental  configuration  and  diagnostic  systems  is  given 
in  Section  II.  Section  III  describes  an  investigation  of  threshold  current  behavior.  Sec¬ 
tion  IV  describes  power  and  efficiency,  and  the  frequency  tuning  measurements  are  discussed 
in  Section  V.  Section  VI  describes  an  investigation  of  single-mode  or  nearly  single-mode  op¬ 
eration  and  the  comparison  of  this  data  with  new  theoretical  results.  Section  VII  presents 
additional  discussion  and  conclusions  drawn  from  the  experiment.  The  technique  used  for 
calibrating  the  calorimeter  used  in  the  power  measurements  is  analyzed  in  the  Appendix. 
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II  Description  of  Experiment 

II- A  Experimental  Setup 

A  schematic  diagram  of  the  experiment  is  shown  in  Figure  1.  The  gyrating  electron  beam  is 
generated  by  the  MIG-type  electron  gun  at  the  bottom  of  the  superconducting  magnet  and 
propogates  up  through  the  drift  tube  and  cavity  before  being  absorbed  in  the  collector.  The 
microwave  fields  interact  with  the  electron  beam  between  the  collector  and  drift  tube  where 
electrostatic  space  charge  depression  can  affect  the  beam  electrons’  energy.  The  microwave 
power  diffracted  around  each  mirror  is  collected  as  output  and  propogated  through  the  thin 
mylar  window  out  of  the  vacuum.  Design  details  of  each  of  the  experimental  components 
are  given  in  the  following  sections. 


II-B  Microwave  Cavity 


The  microwave  cavity  utilized  in  these  experiments  consisted  of  the  Fabry-Perot  type  open 
resonator  shown  in  Figure  2.  The  spherical  cavity  mirrors  formed  an  azimuthally  symmetric 
cavity  about  the  cavity  axis.  The  mode  structure  and  stability  of  this  type  of  resonator  is 
discussed  by  Yariv  [14]  who  finds  that  the  z-component  of  the  electric  field  of  the  transverse 
electric  and  magnetic  (TEMm,n)  modes  in  the  cavity  is  given  by: 

(*2  +  y 2) 


(^g)  ft,  (^g)  exp  [ 
sin  {kz  +  p(x,y,z)}  cos wt 


w2  (z) 


!) 


where  Hm  is  a  Hermite  polynomial  of  order  m,  w0  is  the  radiation  beam  waist, 


=  *2 XR^(z)  ~  ~  (m  +  n  +  1)  tan-1  (z/z0) 


is  the  wave  phase  shift, 


w\z)  =  U/q  (l  +  Z2/Zq)  , 
Rw  (z)  =  z  (l  +  z£/z2)  , 


(1) 

(2) 

(3) 

(4) 


Zq  —  mvl/X  is  the  Rayleigh  length,  k  is  the  wave  number,  A  is  the  wavelength  and  u  is 
the  angular  frequency  of  the  radiation,  and  is  the  radius  of  curvature  of  the  spherical 


wavefront.  As  can  be  seen  from  Eq.(l),  the  electric  field  of  the  TEMoo  mode  decreases 
more  rapidly  as  a  function  of  radius  than  that  of  the  higher  order  modes.  Therefore  it  may 
be  expected  that  an  appropriate  choice  of  mirror  diameter  may  yield  a  cavity  where  modes 
other  than  the  TEMoo  are  relatively  unimportant  due  to  their  larger  diffraction  losses.  For 
an  electron  beam  located  near  the  center  of  the  cavity  ( z  <C  zQ),  and  with  dimensions  small 
compared  to  the  radiation  beam  waist,  then  p  ~  0  and 


E?'n(x,y,z)  =  E0ex  p 


{-S}si 


sin  kz  cos  u>t. 


(5) 


The  experimental  cavity  utilized  5  cm  diameter  mirrors  with  a  38.7  cm  radius  of  curvature 
and  were  separated  by  20-28  cm.  These  values  place  the  cavity  well  into  the  stable  region 
of  parameter  space  as  can  be  seen  in  Figure  3.  A  numerical  code  was  used  to  calculate  the 
electric  field  profiles  at  the  surface  of  each  mirror  and  thus  the  diffractive  Q  factor  of  the 
cavity.  The  details  of  the  scalar  theory  on  which  these  calculations  are  based  are  discussed 
in  Ref.  [15].  The  calculated  diffraction  losses  are  lowest  for  the  TEMoo  mode,  giving  that 
mode  the  highest  Q  value  as  expected.  The  diffractive  output  coupling  for  the  TEMoo 
mode  calculated  by  the  code  is  plotted  as  a  function  of  mirror  separation  for  frequencies  of 
110, 120,  and  130  GHz  in  Figure  4.  The  corresponding  calculated  total  Q  factors  including 
ohmic  losses  for  gold-coated  mirrors  (assumed  conductivity:  a  =  4.5  x  107  siemens/m) 
are  plotted  in  Figure  5.  Other  calculated  parameters  ior  the  cavity  are  shown  in  Table  I 
for  various  mirror  separations. 

The  total  ohmic  losses  in  the  cavity  for  a  given  electric  field  amplitude  in  the  electron 
beam  interaction  region  are  independent  of  mirror  separation  for  constant  output  coupling 
and  are  essentially  independent  of  output  coupling  for  constant  mirror  separation.  There¬ 
fore,  the  fractional  power  lost  to  ohmic  heating  increases  as  the  output  coupling  decreases. 
The  ratio  of  power  lost  through  ohmic  heating  of  the  mirrors  ( P0 )  to  the  diffraction  output 
power  (P4)  is  given  by 


Pd  \j  Z0c<tT'  ^ 

where  c  is  the  speed  of  light,  T  is  the  total  round  trip  cavity  diffraction  loss,  and  Zq  =  377 
is  the  free  space  impedance.  The  ratio  of  ohmic  heating  to  radiated  output  power  is  plotted 
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as  a  function  of  mirror  separation  for  frequencies  of  110,  120,  and  130  GHz  in  Figure  6. 
This  figure  shows  that  at  120  GHz  and  20  cm  mirror  separation,  the  ohmic  heating  is  over 
40%  of  the  radiated  power.  As  shown  in  Eq.  (6),  this  ratio  would  decrease  to  a  much 
smaller  value  in  a  higher  power  device  with  several  times  larger  output  coupling.  The  peak 
heating  density  at  the  center  of  the  mirrors  can  be  expressed  in  the  form 

p  (kW/cm2)  =  4.1  x  10-22<7-°-V-572/3l  (1  +  9 )  F2,  (7) 


where  7  is  the  electron  beam  relativistic  factor,  is  the  transverse  velocity  normalized  to 
the  speed  of  light,  g  =  l—d/R,  where  d  is  the  mirror  separation  and  R  is  the  mirror  radius 
of  curvature,  and  F  is  the  peak  normalized  wave  amplitude  at  the  beam  defined  by 


(8) 


where  B0  is  the  applied  axial  magnetic  field.  The  heating  density  can  be  controlled  by 
allowing  the  parameter  g  to  approach  —1,  that  is,  by  moving  the  mirrors  further  apart. 
Using  the  radius  of  the  phase  front,  given  by  Eq.  (4),  it  is  readily  verified  that  at  z  —  d/2, 
g  >  —  1,  but  approaches  the  unstable  limit  g  =  —  1  as  d  -+  00.  As  shown  in  Figure  3  the 
limit  g  =  —  1  corresponds  to  the  concentric  resonator  which  is  on  the  boundary  between 
stable  and  unstable  configurations.  In  the  present  configuration  0.3  <  g  <  0.5,  which  is 
well  within  the  stable  region.  To  a  good  approximation,  the  average  heating  density  on  the 
mirrors  for  a  Gaussian  resonator  mode  is  obtained  by  dividing  the  peak  heating  density  by 
In  T~l,  where  Tm  is  the  output  coupling  per  mirror. 

A  final  value  calculated  by  the  mirror  cavity  code  is  the  amount  of  the  diffracted  power 
that  is  actually  collected  as  output  compared  to  that  diffracted  around  the  outside  of  the 
output  collecting  waveguide.  In  general,  this  fraction  is  highest  for  high  output  coupling 
and  when  the  output  is  collected  off  of  both  mirrors.  A  second  reason  for  collecting  output 
from  both  mirrors  is  that  it  makes  possible  a  completely  symmetric  system  and  simplifies 
the  analysis. 
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II-C  Cavity  Mirror  Holders 

It  is  well  knowi'  with  cavity  gyrotrons  that  the  cavity  alignment  with  the  electron  beam 
is  critical  for  optimum  performance  of  the  gyrotron.  In  the  QOG,  the  cavity  fields  at  the 
electron  beam  form  essentially  a  standing  plane  wave.  The  position  of  the  the  annular 
electron  beam  (diameter:  3.2  mm)  is  not  as  critical,  although  there  is  a  loss  in  coupling 
efficiency  with  single-mode  theory  predicting  a  reduction  of  approximately  30%  in  the 
output  efficiency  of  the  device  relative  to  the  case  of  a  pencil  beam.  An  overlay  of  the 
electron  beam  with  the  cavity  electric  field  for  the  case  of  the  beam  axis  on  the  field 
maximum  is  shown  in  Figure  7.  On  the  other  hand,  alignment  of  the  two  cavity  mirrors 
with  each  other  is  critically  important.  For  this  reason,  the  cavity  mirror  holders  were 
designed  so  that  each  mirror  could  be  individually  aligned  with  the  other  mirror.  The 
mirror  holders  are  shown  in  Figure  8.  Each  mirror  can  move  4  cm  axially,  allowing  the 
cavity  to  be  translated  as  a  unit  relative  to  the  electron  beam  as  well  as  allowing  for  as 
much  as  an  8  cm  variation  in  mirror  separation. 

II-D  Microwave  Transmission  System 

The  output  waveguide  system  is  an  integral  part  of  the  mirror  holder  design  shown  in 
Figure  8.  The  fact  that  each  mirror  must  be  able  to  move  relative  to  its  mounting  flange 
forces  the  output  waveguide  to  be  discontinuous,  a  less  than  desirable  trait.  The  result  of 
this  discontinuity  may  be  some  reflection  of  the  output  microwave  power  back  toward  the 
resonant  cavity,  although  the  reflected  power  is  expected  to  be  relatively  small  due  to  the 
large  diameter  of  the  waveguide  compared  to  the  operating  wavelength. 

The  output  waveguide  has  a  diameter  of  10  cm  at  the  surface  of  the  cavity  mirror, 
maximized  to  collect  as  much  of  the  or -put  radiation  as  possible,  and  limited  only  by 
the  size  of  the  magnet  cross-bore.  A  cone  is  attached  to  the  back  of  the  mirror,  so  that 
the  output  system  which  begins  as  coaxial  waveguide  slowly  tapers  down  to  cylindrical 
waveguide.  The  cylindrical  waveguide  then  undergoes  a  series  of  gradual  tapers  and  two 
discontinuities  as  shown  in  the  figure,  with  the  final  discontinuity  occuring  at  the  vacuum 
window.  The  tapers  and  discontinuities  in  the  output  waveguide  are  not  expected  to  cause 
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large  reflections  since  the  waveguide  diameter  is  always  large  compared  to  the  radiation 
wavelength  ( d  «  20A).  The  vacuum  window  used  in  these  experiments  was  0.013  cm  thick 
mylar.  Its  dielectric  constant  is  estimated  to  be  approximately  3.2,  making  the  window 
thickness  <  0.1  A  at  120  GHz.  Therefore  the  window  possessed  the  admirable  quality  of 
being  essentially  transparent  to  any  of  the  radiation  produced  in  the  experiment. 

The  two  waveguide  outputs  were  typically  terminated  in  different  diagnostics.  The 
microwaves  from  one  were  allowed  to  radiate  from  the  open  end  of  the  waveguide  toward 
a  modified  laser  calorimeter  placed  approximately  5  cm  away.  The  microwaves  from  the 
other  output  waveguide  were  allowed  to  radiate  into  a  box  lined  with  microwave  absorber. 
The  open  end  of  a  piece  of  fundamental  waveguide  was  inserted  through  the  end  of  the 
box  into  the  radiation  pattern  and  used  as  a  pickup  to  measure  the  characteristics  of  the 
microwave  radiation. 

II-E  Electron  Gun 

The  electron  gun  used  in  this  experiment  was  a  Varian  VUW-8010  magnetron  injection  gun 
originally  designed  for  use  at  35  GHz  [16].  Two  trim  coils  in  the  gun  region  augmented  the 
superconducting  magnet  coils.  These  coils  were  operated  with  opposing  currents  and  were 
used  to  vary  the  magnetic  compression  of  the  beam  and  to  avoid  beam  interception  in  the 
gun  region.  The  fact  that  the  QOG  is  relatively  insensitive  to  the  size  of  the  electron  beam 
and  its  axial  velocity  spread  eased  the  requirements  on  the  gun,  making  the  VUW-8010 
gun  usable. 

The  electron  gun  was  modeled  using  the  Hermannsfeldt  electron  trajectory  code  [17]. 
Modeling  the  electron  trajectories  from  the  gun  into  the  cavity  is  a  fairly  time  consuming 
computational  task  due  to  the  relatively  large  dimensions  of  the  gun  and  beam  drift  tube 
compared  to  the  electron  gyroradius.  For  this  reason  the  electrons  were  followed  into  the 
microwave  cavity  in  only  a  few  cases.  Instead,  the  parameter  space  was  experimentally 
explored,  essentially  by  optimization  of  the  trim  coil  currents,  with  the  electron  trajectory 
code  being  used  to  model  specific  experimental  settings.  The  geometry  modeled  is  shown  in 
Figure  9,  and  the  results  of  the  calculation  are  plotted  in  Figure  10.  This  run  was  stopped 
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slightly  after  the  position  of  maximum  magnetic  field.  If  the  electron  trajectories  are  then 
adiabatically  scaled  down  to  the  cavity  field,  the  average  alpha  value  is  reduced  from  1.4 
to  1.3.  The  37%  spread  in  alpha  calculated  means  that  some  of  the  electrons  in  the  beam 
are  close  to  being  reflected  by  the  compressing  magnetic  field.  This  yields  a  beam  with  the 
largest  a  and  is  consistent  with  the  experiment,  which  tended  to  produce  the  best  results 
when  the  electron  gun  was  operated  on  the  edge  of  stability. 

II- F  Electron  Beam  Path 

The  electron  beam  is  produced  by  the  electron  gun  in  a  relatively  low  (B  =  0.29  T)  magnetic 
field.  As  the  electrons  travel  toward  the  cavity,  they  are  compressed  by  the  strengthening 
magnetic  field  which  peaks  at  5.4  T  (for  a  5.0  T  magnetic  field  in  the  microwave  cavity). 
As  the  electron  beam  is  compressed,  the  electron  energy  is  essentially  transferred  from 
motion  parallel  to  the  magnetic  field  into  motion  perpendicular  to  the  magnetic  field.  It  is 
the  perpendicular  motion  that  mainly  interacts  with  the  microwave  fields  in  the  cavity  to 
produce  radiation. 

As  the  electrons  emerge  from  the  electron  gun,  they  enter  the  drift  tube  shown  in 
Figure  11,  the  first  section  of  which  is  a  tapered  piece  of  graphite.  Since  the  magnetic  field 
and  hence  the  electron  beam  velocity  pitch  ratio  a  is  low,  the  chance  of  exciting  gyrotron 
modes  in  this  section  is  minimal.  This  danger  increases  as  the  electron  beam  travels  toward 
the  cavity  and  is  compressed  by  the  magnetic  field.  For  this  reason,  dielectric  rings  (with  a 
large  loss  tangent)  are  used  to  heavily  load  any  possible  microwave  cavity  in  the  remainder 
of  the  drift  tube.  The  dielectric  rings  are  alternated  with  copper  “scraper”  rings  designed 
both  to  prevent  the  electrons  from  hitting  the  dielectric  and  also  to  ensure  that  excessive 
charge  is  prevented  from  building  up  on  the  surface  of  the  dielectric,  reducing  the  potential 
and  affecting  the  beam  propogation.  The  second  (inner)  dielectric  ring  shown  in  this  figure 
has  an  intermediate  dielectric  constant  to  minimize  reflections  of  the  microwaves  from 
\.he  surface  of  the  lossy  medium.  The  peak  magnetic  field  experienced  by  the  electrons 
(where  the  electrons  have  their  largest  perpendicular  momentum  and,  hence,  free  energy) 
is  actually  inside  the  drift  tube. 
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In  the  QOG  the  electron  beam  experiences  space-charge  effects  in  the  drift  tube  between 
the  gun  and  the  cavity  and  in  the  open  region  between  the  end  of  the  beam  drift  tube  and 
the  collector.  An  estimate  for  the  space-charge  depression  of  the  beam  voltage  in  the  drift 
tube  is  [18,19] 

AV'.,=  ^ln(flJ/rk,)  (9) 

P\\ 

where  1  is  the  beam  current,  /?||  is  the  axial  velocity  normalized  to  the  speed  of  light,  is  the 
beam  radius,  and  Rd  is  the  drift  tube  radius  which  is  0.5  cm  in  the  present  experiment.  For 
typical  parameters  of  75  kV  and  a  =  1,  this  leads  to  a  voltage  depression  in  the  drift  tube 
of  AV  =  2  kV  at  10  A.  An  accurate  calculation  of  space-charge  depression  in  this  region 
involves  two-dimensional  effects,  but  a  simple  estimate  for  the  space-charge  depression  of 
the  beam  voltage  in  this  region  can  be  obtained  by  replacing  drift  tube  wall  radius  in 
Eq.  (9)  by  half  the  drift  tube-collector  separation  L.  Although  this  choice  is  somewhat 
arbitrary  and  should  be  considered  a  temporary  replacement  for  more  accurate  calculations, 
the  result  depends  only  logarithmically  on  the  ratio  of  beam  radius  to  half  the  length  of  the 
open  space.  A  length  of  5  cm  was  used  in  the  present  experiment.  Cold  tests  showed  that 
at  this  separation  the  presence  of  the  beam  guiding  structures  had  no  measurable  effect  on 
the  cavity  Q.  The  voltage  depression  of  the  beam  due  to  space  charge  is  plotted  up  to  the 
space-charge-limited  current  for  several  beam  voltages  in  Figure  12.  This  figure  suggests 
that  the  highest  currents  at  which  the  experiment  was  operated  (which  corresponded  to 
the  highest  output  powers)  were  near  the  space-charge  limit.  This  prescription  leads  to  an 
estimated  space-charge  depression  of  the  beam  in  the  optical  resonator  of  AV  =  4.8  kV  at 
10  A  which  is  more  than  twice  the  space-charge  depression  occurring  in  the  drift-tube. 

As  soon  as  the  electrons  have  exited  the  cavity  fields,  they  enter  the  collector.  The 
second  peak  of  the  magnetic  field  is  inside  the  collector,  which  also  serves  to  diminish 
space  charge  effects.  Once  past  the  magnetic  field  peak,  the  electrons  essentially  follow 
the  magnetic  field  lines  as  they  expand.  Eventually,  the  magnetic  field  lines  intersect  the 
collector  wall  and  the  electrons  are  absorbed  by  the  collector. 
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II- G  Diagnostics 

A  schematic  diagram  of  the  experimental  diagnostics  is  shown  in  Figure  13.  Standard 
millimeter-wave  wafer  diodes  were  used  to  measure  the  RF  pulse  shape.  The  diodes  were 
terminated  in  50  ohms  to  keep  the  response  time  of  the  diodes  short  compared  to  the 
radiation  pulse  width.  Diodes  from  both  Baytron  and  Hughes  were  used  during  these 
experiments  with  no  inconsistencies  observed.  ' 

The  harmonic  heterodyne  system  shown  in  Figure  14  was  used  to  measure  the  frequency 
of  the  output  radiation.  The  gyrotron  radiation  was  inserted  into  the  RF  port  of  a  harmonic 
mixer,  and  the  power-leveled  output  of  a  frequency-locked  12-18  GHz  YIG-tuned  oscillator 
was  applied  to  the  LO  port.  The  radiation  out  of  the  IF  port  was  then  measured  through  one 
of  several  bandpass  filters  used  to  vary  the  resolution  of  the  device.  The  three  frequencies 
are  related  by 

Jrf  =  nfu>  ±  /if ,  (10) 

where  n  is  the  number  of  the  harmonic  of  the  local  oscillator  (frequency  Jlo)  that  is  mixed 
with  the  RF  frequency  from  the  experiment.  The  different  bandpass  filters  each  have 
a  center  frequency  of  160  MHz  so  that  for  a  given  RF  frequency,  IF  signals  (frequency 
fjp)  will  be  measured  for  two  different  LO  frequencies.  The  harmonic  number  may  be 
determined  from  the  frequency  difference  between  the  two  LO  frequencies, 

n  =  320  MHz/A/lo-  (11) 

Once  the  harmonic  number  has  been  determined,  it  is  straightforward  to  calculate  the 
experimental  operating  frequency  from  Eq.  (10)  above.  The  accuracy  of  this  instrument 
depends  mainly  on  the  accuracy  of  the  LO  frequency  measurement  and  the  bandpass  filter 
accuracy.  Relative  measurements  depend  only  on  the  bandpass  filter  chosen  so  that  accura¬ 
cies  of  approximately  ±10  MHz  were  possible.  This  was  more  than  sufficient  to  differentiate 
between  longitudinal  cavity  modes  which  have  a  frequency  spacing  of  Av  =  c/  (2d)  or  ap¬ 
proximately  500  MHz  at  the  maximum  separation  of  28  cm.  A  second  method  of  measuring 
the  frequency  was  to  use  the  Fabry-Perot  interferometer  shown  in  Figure  15.  The  core  of 

this  device  is  a  mirror  cavity  similar  to  the  resonant  cavity  used  in  the  experiment.  The 
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electric  fields  in  the  interferometer  are  again  given  by  Eq.  (1),  with  modes  other  than  the 
TEMoo  modes  being  effectively  suppressed  by  the  application  of  absorbing  material  around 
one  of  the  mirrors  to  decrease  its  effective  diameter.  The  phase  of  the  RF  field  at  position 
z  in  the  cavity  is  given  by 

where  z0  =  40  cm  is  the  Rayleigh  length  for  this  cavity.  As  the  mirror  separation  is 
increased,  successive  resonances  occur  as  <f>  is  increased  by  ir.  To  a  good  approximation,  this 
occurs  as  the  separation  is  increased  integral  numbers  of  half  (free  space)  wavelengths.  Thus 
by  carefully  measuring  the  distance  that  the  mirror  separation  changes  between  successive 
resonances,  the  radiation  wavelength  can  be  measured  to  approximately  0.1%. 

The  main  power  diagnostic  was  the  laser  calorimeter  shown  in  Figure  16.  The  absorbing 
surface  was  coated  with  several  extra  layers  of  paint,  with  its  absorbancy  being  measured 
between  each  coat  at  120  GHz.  The  absorbancy  is  plotted  in  Figure  17  as  a  function  of 
paint  thickness.  Figure  18  shows  the  measured  absorption  of  the  calorimeter  as  a  function 
of  microwave  frequency  after  the  additional  paint  had  been  added.  The  problem  of  a  plane 
electromagnetic  wave  incident  on  a  dielectric  layer  backed  by  a  conductor  can  be  solved 
analytically.  The  geometry  relevant  to  the  quasi-optical  gyrotron  (electric  field  parallel  to 
the  boundary  surface)  is  shown  in  Figure  19.  The  details  of  the  calculation  are  given  in 
Appendix  A,  where  it  is  shown  that  the  power  reflection-coefficient  is  R  =  |(1  -D)/(l+D)\2. 
The  quantity  D  is  given  by 


D _  cos 6(  /c7  fl  +  e~2,k3TCO*9‘ 

~  COS Co  [l  —  e-2tk2TccH6,  ’ 


where  is  the  angle  of  incidence;  Qt  is  the  angle  of  transmittance;  e2  =  er2£o(l— t  tan  6)  is  the 
dielectric  constant  of  the  paint;  er2,  tan  6  and  k2  are  the  associated  real  part  of  the  dielectric 
constant  relative  to  vacuum,  loss  tangent  and  complex  wave  number,  respectively;  and  r  is 
the  thickness  of  the  paint.  Plots  of  the  experimental  data  and  the  analytic  calculations  are 
shown  in  Figures  17  and  18.  For  these  calculations  the  real  part  of  the  dielectric  constant 
(cr2)  was  5  and  the  loss  tangent  was  0.25.  These  values  result  in  reasonably  good  agreement 
once  one  realizes  that  the  actual  thickness  of  each  layer  of  paint  is  unknown  and  probably 


varied.  For  the  data  plotted,  however,  each  paint  layer  is  assumed  to  be  of  equal  thickness. 

The  voltages  applied  to  both  the  cathode  and  the  intermediate  anode  were  measured  by 
capacitive  dividers.  Sample  traces  of  each  waveform  are  shown  in  Figure  20.  The  peak-to- 
peak  voltage  ripple  is  approximately  4%  over  the  12  n sec  flat  top  of  the  cathode  voltage 
pulse.  The  10-90%  rise  time  of  the  cathode  pulse  was  3.5  /rsec,  and  the  90-10%  fall  time 
was  4  nsec.  The  intermediate  anode  voltage  waveform  was  adjustable  in  steps  of  1%  of  the 
cathode  voltage.  The  shape  (flatness  and  rise  time)  of  the  intermediate  anode  voltage  trace 
could  be  controlled  within  limits  by  varying  the  capacitance  in  parallel  with  the  voltage 
divider. 

The  collector  and  body  currents  were  separately  monitored  by  Pearson  probes.  These 
probes  had  a  rise  time  of  10  nsec  and  a  low  frequency  cutoff  of  140  Hz,  making  them 
suitable  for  our  purposes.  The  current  trace  is  typically  much  longer  than  the  flat-top  of 
the  voltage  trace,  due  to  the  use  of  a  thermionic  electron  gun  with  a  voltage  pulse  that 
rises  and  falls  somewhat  slowly. 

II-H  Magnetic  Fields 

The  magnetic  field  is  produced  by  a  pair  of  superconducting  coils  and  modified  in  the 
region  of  the  electron  gun  by  a  pair  of  normal  trim  coils.  The  separation  of  the  two 
superconducting  coils  is  set  by  the  cross-bore  diameter  necessary  for  the  microwave  cavity 
and  radiation  output  structure.  The  presence  of  the  cross-bore  results  in  a  magnetic  field 
axial  profile  that  is  less  than  ideal.  To  achieve  the  necessary  magnetic  field  strength  in  the 
cavity  together  with  an  appropriate  cross-bore  diameter,  the  superconducting  coils  had  to 
be  separated  slightly  more  than  a  Helmholtz  pair.  This  extra  separation  resulted  in  the 
cavity  magnetic  field  being  approximately  6.5%  lower  than  the  peak  magnetic  field  along 
the  magnet  axis.  A  plot  of  the  axial  magnetic  field  is  shown  in  Figure  21. 

The  effect  of  the  pair  of  trim  coils  is  localized  near  the  position  of  the  electron  gun.  The 
coil  furthest  from  the  superconductors  acts  to  lower  the  magnetic  field  near  the  cathode 
thus  increasing  the  magnetic  field  compression  ratio  and  the  beam  a  in  the  cavity.  The 
second  trim  coil  increases  the  axial  field  locally  to  compress  the  electron  beam  in  order  to 
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prevent  it  from  being  intercepted  by  the  electron  gun  electrodes.  The  superconductor  and 
trim  coil  positions  relative  to  the  cathode  position  are  shown  in  Figure  22. 

II-I  High  Voltage  Modulator 

The  modulator  used  to  supply  the  high  voltage  to  the  electron  gun  is  a  standard  capacitive- 
discharge  type  followed  by  a  pulse- forming  network  and  a  step-up  transformer.  The  modu¬ 
lator  is  capable  of  producing  50  A  at  voltages  up  to  90  kV.  Most  of  the  current  is  dissipated 
in  an  oil-filled  load  box  via  a  resistive  shunt  in  parallel  with  the  electron  gun.  This  serves 
to  maintain  a  constant  load  impedence  for  the  modulator  despite  the  fact  that  the  electron 
gun  impedence  changes  radically  throughout  the  pulse.  A  straight  resistive  divider  is  used 
to  supply  the  necessary  voltage  to  the  intermediate  anode.  A  schematic  diagram  of  the 
high-voltage  source  is  shown  in  Figure  23. 

Ill  Threshold  Current  Studies 


The  threshold  current  for  single-mode  oscillation  at  the  fundamental  harmonic  can  be 
derived  using  single  particle  theory  in  the  small  signal  approximation.  The  result  in  MKS 
units  is  [20] 


where  me  and  e  are  the  mass  and  charge  (magnitude)  of  an  electron,  Ho  is  the  free  space 


2ir*mec'yPid /w0\2  2 

thr~  Hoe  Q  \\Xj  \±J0(2krb) 


H*,h), 


(14) 


permittivity,  Q  is  the  resonator  quality  factor,  and  Jq  is  a  regular  Bessel  function.  The 
beam  waist  for  the  TEMqo  Gaussian  mode  of  the  resonator  is  given  by 


The  normalized  threshold  current  /  is  given  by  [21] 

8  e*’/2 


/(A,^)  = 


■KH2  -  2’ 


(16) 


where  $  =  /zA/2  is  the  kinematic  phase-slip  angle  of  the  electrons  transiting  the  resonator, 


H  =  2na@1w0/  A 
14 


(17) 


is  the  normalized  interaction  length,  and 


is  the  resonance  detuning  parameter.  The  factor  2/  (1  ±  Jo(2krb))  in  Eq.  (14)  accounts  for 
the  annular  beam  geometry  [22].  The  -j-  (— )  sign  corresponds  to  placing  the  electron  beam 
axis  on  a  maximum  (null)  of  the  wave  field  as  illustrated  in  Figure  7. 

A  comparison  between  the  theoretical  and  measured  threshold  oscillation  currents  as  a 
function  of  magnetic  field  is  shown  in  Figures  24-26  for  mirror  separations  of  25  and  20  cm. 
The  beam  accelerating  voltage  is  57  kV,  r*  =  1.6  mm,  and  the  operating  frequency  is  near 
110  GHz  in  both  cases.  The  data  in  these  figures  was  obtained  by  varying  the  magnetic 
field  trim  coils  near  the  gun  to  minimize  the  threshold  oscillation  current.  The  theoretical 
curves  are  based  on  a  momentum  pitch  ratio  a  =  1.5  which  is  considered  achievable  in  the 
present  experiment  at  currents  up  to  a  few  amperes  based  on  previous  operating  experience 
with  the  electron  gun  and  simulations  of  the  gun.  At  higher  currents  the  best  estimate  is 
a  ~  1  with  some  drop-off  expected  for  currents  above  15  A.  Near  the  minimum  threshold 
current  only  a  single-mode  was  observed  to  be  present.  Multimode  operation  was  observed 
when  the  current  exceeded  2-3  times  the  minimum  threshold  current.  Thus  the  single- mode 
theory  is  valid  only  near  the  minimum  oscillation  current. 

Results  for  a  mirror  separation  of  25  cm  are  shown  in  Figure  24.  For  frequencies  near 
110  GHz  the  calculated  resonator  Q  factor  including  ohmic  losses  and  the  diffraction  output 
coupling  is  Q  =  38, 000.  The  transmission  coefficient  T  =  2.8%  for  this  separation  and  the 
separation  between  adjacent  longitudinal  modes  is  600  MHz.  The  measured  frequency  of 
the  data  denoted  by  the  solid  dots  is  109.8  ±0.1  GHz.  This  data  was  obtained  by  translating 
the  mirrors  while  holding  the  separation  constant  to  minimize  the  threshold  current  and 
thus  place  the  beam  on  the  microwave  electric  field  maximum  for  this  mode  as  shown  in 
Figure  7.  This  had  the  effect  of  raising  the  threshold  current  of  adjacent  modes  as  expected 
and,  at  currents  below  1.5  A,  the  adjacent  modes  could  not  be  excited.  The  data  shown  by 
the  open  circles  corresponds  to  the  next  lower  frequency  mode-which  should  also  have  its  E- 
field  maximum  at  the  beam  axis.  The  measured  frequency  of  this  mode  is  108.7  ±0.1  GHz. 
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A  frequency  of  109.8  GHz  was  used  in  obtaining  the  theoretical  result  denoted  by  the  solid 
curve  which  is  closest  to  the  solid  dot  data.  The  other  solid  curves  correspond  to  other 
longitudinal  modes  of  the  resonator  with  frequencies  shifted  by  multiples  of  1200  MHz. 
Consistent  with  the  data,  the  solid  curves  correspond  to  modes  for  which  the  beam  axis 
falls  on  a  field  maximum.  Theoretical  results  for  the  intermediate  modes,  for  which  the 
beam  axis  falls  on  a  field  null,  are  shown  by  the  dashed  curves.  Given  the  experimental 
uncertainties,  the  agreement  between  theory  and  experiment  near  the  minimum  threshold 
current  is  remarkably  good.  Probably  the  least  well-known  parameter  is  the  beam  a.  The 
sensitivity  of  the  theoretical  results  to  varying  a  is  shown  in  Figure  25  which  shows  the 
109.8  GHz  data  from  Figure  24  compared  with  the  corresponding  theoretical  results  for 
a  =  1,  1.5,  and  2.  The  best  fit  is  clearly  obtained  for  a  =  1.5. 

Figure  26  shows  data  obtained  for  a  mirror  separation  of  20  cm.  The  resonator  Q  factor 
and  output  coupling  are  calculated  to  be  82,000  and  0.9%  for  frequencies  near  110  GHz.  The 
measured  oscillation  frequencies  are  109.8  ±0.1  GHz  (solid  dot  data)  and  109.2  ±0.2  GHz 
(open  circle  data).  The  expected  frequency  separation  for  this  mirror  separation  is  750  MHz. 
This  data  was  obtained  without  minimizing  either  mode  threshold  current  with  respect  to 
electron  beam  position.  The  fact  that  these  adjacent  modes  have  essentially  equal  minimum 
threshold  currents  indicates  that  the  electron  beam  axis  does  not  coincide  with  an  E-field 
maximum  for  either  mode.  To  account  for  this,'  the  theoretical  threshold  currents  plotted 
in  Figure  26  represent  an  average  of  the  threshold  current  obtained  for  the  beam  axis  at  a 
field  maximum  and  the  threshold  current  obtained  for  the  beam  axis  at  a  field  null.  The 
theoretical  curve  closest  to  the  solid  dot  data  corresponds  to  a  frequency  of  109.8  GHz,  and 
the  other  curves  represent  the  other  nearby  longitudinal  modes  for  this  mirror  separation. 

The  threshold  current  dependence  on  the  beam  axis  position  is  shown  explicitly  in 
Figure  27.  The  data  was  obtained  by  translating  the  mirrors  perpendicularly  to  the  beam, 
holding  the  separation  fixed  at  20  cm.  This  is  equivalent  to  translating  the  beam  relative  to 
the  standing-wave  pattern  in  the  resonator.  The  resonator  magnetic  field  ( B  =  43  kG),  the 
electron  beam  voltage  ( V  =  52.4  kV),  and  the  cathode  magnetic  field  were  held  constant 
during  these  measurments.  Operation  was  single- moded  at  a  frequency  of  111  ±  0.1  GHz. 
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The  solid  sinusoidal  curve  shown  in  Figure  27  is  proportional  to  the  standing-wave  E-field 
pattern  in  the  resonator.  The  first  maximum  of  this  curve  has  been  adjusted  to  coincide  with 
the  beam  position  which  gives  the  minimum  threshold  current.  The  positions  of  measured 
threshold  current  maxima  are  then  found  to  fall  on  nulls  of  the  wave  field.  The  ratio  of 
minimum  to  maximum  measured  threshold  current  is  0.6.  This  is  in  good  agreement  with 
the  theoretical  ratio  of  0.57  for  an  annular  beam  with  r*  =  1.6  mm  and  provides  further 
evidence  that  the  electron  beam  is  interacting  with  the  TEMoo/  modes  of  the  resonator. 

IV  Multimode  Power  and  Efficiency  Measurements 

Output  power  measurements  were  carried  out  as  a  function  of  beam  current  and  mirror 
separation.  A  preliminary  investigation  of  output  power  and  efficiency  showed  that  for 
currents  of  less  than  8  A,  output  power  was  a  decreasing  function  of  mirror  separation. 
Power  measurements  for  a  gun  voltage  of  66.7  kV  and  a  current  of  8  A  at  three  mirror 
separations  are  shown  by  the  solid  square  data  points  in  Figure  28.  Consequently,  initial 
power  and  efficiency  measurements  were  taken  at  the  minimum  mirror  separation  of  20  cm. 
This  minimizes  the  output  coupling  and  so  leads  to  the  optimum  saturated  efficiency  at  the 
lowest  current,  where  beam  quality  should  be  highest.  Mirror  alignment  and  translation 
were  optimized  by  minimizing  the  threshold  current  for  a  magnetic  field  of  50  kG  and 
a  beam  voltage  of  66.7  kV.  A  minimum  threshold  current  of  0.25  A  at  a  frequency  of 
125.8  GHz  was  obtained.  For  these  conditions  the  calculated  total  resonator  Q  factor  is 
160,000  and  the  theoretical  minimum  threshold  current  for  a  =  1.5  is  0.12  A,  or  about  half 
the  measured  value.  This  discrepancy  suggests  that  the  experimental  toted  Q  factor  may 
be  ~  80,000,  i.e,  only  half  the  predicted  value,  however,  the  calculated  minimum  threshold 
current  depends  on  a  which  is  not  well  characterized  in  the  experiment.  Using  the  total  Q 
inferred  from  the  threshold  measurement  and  the  theoretical  ohmic  Q  leads  to  an  estimate 
of  the  diffraction  Q  of  96,000.  The  calculated  diffraction  Q  is  250,000. 

The  output  power  was  obtained  by  multiplying  the  calorimeter  power  measurement  by 
two,  dividing  by  the  repetition  rate  and  the  pulse  width,  and  correcting  for  the  absorption 
efficiency  of  the  calorimeter.  The  radiation  pulsewidth  was  found  to  be  equal  to  a  good 

17 


approximation  to  the  beam  voltage  flat-top  pulse  width  of  13  fisec  under  most  conditions 
and  this  pulse  width  was  used  in  the  peak  power  calculation.  The  power  output  through 
the  two  windows  was  checked  and  found  to  be  equal  within  measurement  accuracy.  As 
shown  in  Figure  18,  the  calorimeter  absorptivity  was  measured  to  be  94%  at  120  GHz  and 
to  decrease  with  decreasing  frequency  to  ~  60%  at  90  GHz. 

The  output  power  as  a  function  of  beam  current  is  shown  in  Figure  29  for  magnetic 
fields  of  44,  47,  and  50  kG  and  a  constant  gun  voltage  of  71.5  kV.  Based  on  the  calorimeter 
reflectivity  measurements,  a  calorimeter  efficiency  of  95%  was  used  used  in  the  output 
power  computations  for  the  magnetic  fields  of  47  and  50  kG;  an  efficiency  of  88%  was 
used  for  the  44  kG  results.  The  corresponding  output  efficiency  is  shown  in  Figure  30. 
The  observed  maximum  output  efficiencies  for  these  magnetic  fields  and  conditions  was 
12%  at  50  kG,  11.9%  at  47  kG,  and  11%  at  44  kG.  In  obtaining  this  data  no  attempt 
was  made  to  promote  single-mode  operation  and,  consequently,  operation  was  generally 
multimoded.  Typical  multimode  frequency  spectra  are  shown  in  Figures  31(a)-(c).  The 
spectra  correspond  to  magnetic  fields  of  44,  47,  and  50  kG,  respectively,  and  a  gun  voltage 
of  71.5  kV.  The  beam  current  in  Figures  31(a)  and  (c)  is  8  A  and  is  14  A  in  Figure  31(b). 

To  obtain  the  electronic  efficiency  for  a  given  output  efficiency,  it  is  necessary  to  correct 
for  ohmic  heating  losses  according  to 

T)el  =  (1  +  Qd/Qo)Vout,  (19) 

where  j/e/  and  rj^t  are  the  electronic  and  output  efficiencies,  and  Qd  and  Q0  are  the  diffrac¬ 
tion  and  ohmic  quality  factors. 

As  discussed  above  the  ratio  Qd/Qo  depends  sensitively  on  the  diffraction  Q  factor, 
which  has  not  been  directly  measured.  For  operation  at  50  kG,  Qd/Qo  —  0.2  based  on  Qd 
inferred  from  the  threshold  current  measurement,  whereas  Qd/Qo  =  0.55  based  on  Qd  cal¬ 
culated  using  scalar  diffraction  theory.  The  corresponding  electronic  efficiencies  are  plotted 
as  functions  of  IQ/d  in  Figure  32.  Using  the  value  of  Qd  inferred  from  the  threshold  current 
measurement  leads  to  a  maximum  electronic  efficiency  of  14%;  using  the  value  of  Qd  calcu¬ 
lated  with  scalar  diffraction  theory  leads  to  a  maximum  electronic  efficiency  of  18%.  The 
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figure  also  shows  theoretical  results  based  on  a  nonlinear,  multimode  simulation  [4]  using 
parameters  corresponding  to  the  50  kG  data  and  assuming  a  =  1.  These  calculations  yield 
a  maximum  efficiency  of  17.7%.  The  theoretical  optimum  value  of  Ql/d  ~  2.0  x  106  which 
is  in  good  agreement  with  the  experimental  results  based  on  the  Q  factor  inferred  from  the 
threshold  current  measurement  but  not  with  the  results  obtained  using  the  theoretical  Q 
factor. 

The  electronic  efficiency  was  not  corrected  for  the  space-charge  depression  of  the  beam 
voltage,  because  the  free  energy  for  the  interaction  is  associated  mainly  with  the  transverse 
momentum  of  the  electrons  which  is  not  greatly  affected  by  the  presence  of  space  charge. 
Space  charge  does  limit  the  maximum  beam  power  which  can  be  propagated  in  the  resonator 
and  reduces  the  achievable  velocity  pitch  ratio. 

As  shown  in  Figure  30,  for  a  magnetic  field  of  50  kG  and  a  mirror  separation  of  20  cm, 
the  output  efficiency  decreases  as  the  current  is  increased  beyond  6  A.  This  effect  of  over¬ 
driving  the  resonator  is  well  known  from  cavity  gyrotrons.  Increased  power  and  efficiency 
at  currents  above  6  A  can  be  obtained  in  the  QOG  by  increasing  the  output  coupling  by 
increasing  the  mirror  separation  until  the  optimum  RF  field  amplitude  is  re-established  in 
the  cavity.  This  effect  is  illustrated  by  the  solid  data  in  Figure  28  which  shows  output 
power  optimization  by  variation  of  the  mirror  separation  for  a  constant  beam  current  of 
13.5  A  and  a  constant  gun  voltage  of  71.5  kV. 

The  output  power  and  efficiency  as  a  function  of  beam  current  for  a  magnetic  field 
of  50  kG,  gun  voltage  in  the  range  71-75  kV,  and  beam  currents  up  to  24  A  are  shown 
in  Figure  33.  Operation  was  generally  multimoded  with  4-6  modes  being  excited.  The 
frequency  of  the  strongest  modes  was  ~  125  GHz.  The  data  indicated  by  the  squares 
corresponds  to  the  minimum  mirror  separation  of  20  cm  and  a  gun  voltage  of  71.5  kV.  The 
calculated  diffractive  output  coupling  at  this  separation  is  0.4%  for  125  GHz  radiation. 
The  data  indicated  by  the  triangles  and  dots  correspond  to  a  mirror  separation  of  23  cm 
and  a  calculated  0.8%  diffraction  output  coupling.  The  highest  measured  power,  shown 
by  the  solid  dots,  was  148  kW  and  was  obtained  at  a  mirror  separation  of  23  cm,  a  beam 
voltage  and  current  of  78  kV  and  24  A,  and  a  negative  taper  in  the  magnetic  field  of  2% 
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across  the  interaction  region.  This  current  is  estimated  to  be  near  the  space-charge  limit 
for  this  voltage  and  a  =  1.  No  evidence  of  oscillation  in  higher  order  transverse  modes  was 
observed  from  the  frequency  measurements  at  50  kG  or  other  magnetic  fields. 

V  Frequency  Tuning  Measurements 

In  the  QOG  the  operating  frequency  is  approximately  fIc/7,  where  Qc  is  the  nonrelativistic 
electron  cyclotron  frequency,  so  that  the  operating  frequency  can  be  tuned  by  varying 
either  the  magnetic  field  or  the  gun  voltage.  Figure  34  presents  frequency  and  power 
measurements  for  magnetic  fields  from  38  to  50  kG  with  fixed  gun  voltage  (66.7  kV)  and 
current  (~  12  A).  Operation  was  usually  multimoded  as  indicated  in  the  figure  which  shows 
frequency  variation  from  95  to  130  GHz.  Significantly,  the  power  varied  by  <  3  dB  for  this 
frequency  variation.  The  QOG  could  have  operated  at  still  lower  frequencies  (at  lower 
magnetic  fields),  but  such  frequencies  were  below  the  cutoff  frequency  of  the  waveguide 
used  in  the  heterodyne  frequency  diagnostic. 

Frequency  variation  with  electron  gun  voltage  was  also  investigated.  Frequency  mea¬ 
surements  were  obtained  several  voltages  between  43  and  72  kV  for  a  magnetic  of  50  kG 
and  a  current  of  ~  10  A.  As  shown  in  Figure  35,  a  4%  frequency  increase  was  measured 
for  this  variation  in  gun  voltage.  A  disadvantage  of  this  method  of  frequency  tuning  is 
that  power  scales  strongly  with  voltage  and  decreased  from  70  to  25  kW  as  the  voltage  was 
decreased. 

VI  Studies  of  Near-Single- Mode  Operation 

Since  the  longitudinal  mode  density  of  the  QOG  resonator  is  high,  it  might  be  thought  that 
the  device  is  inherently  multimoded,  but  this  is  not  the  case.  The  operating  parameter 
space  was  characterized  by  regions  of  stable  single-mode  or  near- single- mode  operation. 
Single-mode  operation  was  most  common  at  lower  powers  but  was  also  observed  at  powers 
up  to  125  kW.  At  a  current  near  threshold,  a  single-mode  having  the  highest  growth  rate 
can  be  excited.  It  was  found  that  if  the  current  was  then  increased  holding  the  magnetic 
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field  and  gun  voltage  fixed,  the  cavity  would  oscillate  in  a  sequence  of  higher  frequency 
modes  as  shown  in  Figure  36.  The  data  plotted  in  this  figure  was  obtained  for  a  gun 
voltage  of  71.5  kV,  a  mirror  separation  of  23  cm,  and  a  magnetic  field  of  47  kG  in  the 
middle  of  the  interaction  region.  The  magnetic  field  had  a  negative  2%  taper  across  the 
interaction  region.  Alternatively,  it  was  possible  to  vary  the  voltage  while  increasing  the 
current  (keeping  the  magnetic  field  fixed)  so  as  to  maintain  single-mode  operation  in  the 
mode  initially  excited.  Figure  37  shows  a  region  of  single-mode  operation  in  V  —  I  space 
obtained  using  the  latter  procedure.  An  untapered  magnetic  field  of  47  kG  was  used 
to  obtain  this  data  at  an  operating  frequency  of  119  GHz.  The  axea  of  single-moded 
operation  is  denoted  approximately  by  the  line  thickness;  voltage  changes  of  ~  0.5  kV  led 
to  observable  changes  in  the  mode  spectrum.  The  maximum  power  of  the  data  in  this 
figure  is  55  kW.  Figure  38  shows  the  output  power  obtained  during  single-mode  or  near- 
single- mode  operation  for  mirror  separations  of  23,  25.5  and  28  cm.  The  magnetic  field  was 
47  kG  and  the  oscillation  frequency  was  119-120  GHz  in  all  cases.  Here,  output  powers  as 
high  as  125  kW  were  obtained  while  maintaining  nearly  single-mode  operation.  At  least 
90%  of  the  output  power  was  in  a  single-mode,  with  most  of  the  remaining  power  in  the 
two  adjacent  modes.  Relative  mode  power  was  measured  using  the  amplitude  response  of 
the  heterodyne  frequency  diagnostic. 

As  the  current  was  increased  above  threshold,  it  was  found  that  single-moded  oper¬ 
ation  corresponded  to  progressively  higher  resonance  frequency  mismatches  (u  —  fic/ 7). 
Figure  39(a)  shows  frequency  mismatch  uncorrected  for  the  space-charge  effect  versus  the 
beam  current  normalized  to  the  oscillation  threshold  current  for  the  data  shown  in  Fig¬ 
ure  38.  Figure  39(b)  illustrates  the  frequency  mismatch  obtained  by  correcting  the  electron 
cyclotron  frequency  for  space-charge  depression  of  the  beam  as  discussed  in  Section  II-F. 

To  compare  the  theoretically  predicted  stable,  single-mode  operating  regime  [23]  with 
the  experimental  data,  it  is  convenient  to  express  the  data  in  terms  of  the  normalized  RF 
electric  field  amplitude,  E,  and  the  kinematic  phase  parameter  for  the  interaction,  $,  which 
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are  given  by 
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where  P  is  the  diffraction  output  power.  The  parameter  E  can  be  expressed  in  terms  of 
the  normalized  interaction  parameters  F  and  /j.  according  to  E  =  Ffi,  and  as  discussed 
above,  $  =  /x A/2.  An  advantage  of  the  new  parameters  is  their  relative  insensitivity  to  a 
which  is  not  well  determined  in  the  experiment.  Theoretically,  the  stable  operating  regime 
for  a  fixed  fi  corresponds  to  an  area  in  E-$  space.  Uncertainty  in  the  beam  velocity 
pitch  ratio  a  leads  to  a  range  of  possible  y.  values  from  5-10.  The  region  of  stable,  single¬ 
mode  operation  predicted  by  theory  corresponds  to  the  area  bounded  by  the  solid  curves 
in  Figures  40(a)  and  (b)  which  were  obtained  assuming  a  =  0.65  (fj  =  5)  and  a  =  1 
(fi  =  10),  respectively.  These  plots  were  made  for  an  annular  beam  of  radius  1.6  mm 

centered  on  the  electric  field  maximum  of  the  equilibrium  mode.  Equilibria  with  values  of 
* 

E  ,  $  outside  the  stable  region  are  unstable  with  respect  to  the  growth  of  neighboring  modes 
(sidebands).  The  use  of  an  annular  beam  configuration  has  an  important  effect  on  the  size 
and  shape  of  the  stability  boundary  [23].  In  particular,  the  stable  region  for  an  annular 
beam  is  much  smaller  than  that  for  a  pencil  beam.  This  reduction  occurs  because,  unlike 
the  pencil  beam,  an  annular  beam  couples  to  both  the  odd  and  even  symmetry  modes  of 
the  resonator.  If  beam-RF  coupling  is  optimized  for  the  desired  operating  mode,  coupling 
to  the  two  adjacent  modes,  which  have  opposite  symmetry,  will  be  weaker.  The  weaker 
coupling  of  the  principal  competing  modes  inhibits  saturation  of  their  gain  by  the  main 
mode,  an  important  factor  in  determining  the  region  of  stable  operation.  Comparison 
of  the  Figures  40(a)  and  (b)  shows  that  the  predicted  stable  area  is  smaller  for  fi  =  10 
than  for  /t  =  5.  The  reduction  in  stable  region  with  increase  in  /i  is  a  general  feature 
of  the  theory  for  both  pencil  and  annular  beams.  The  experimented  single-mode  data  for 
mirror  separations  of  23,  25.5  and  28  cm,  assuming  either  a  =  0.65  or  1,  is  also  shown  in 
Figures  40(a)  and  (b).  The  data  indicates  single-mode  operation  occurs  for  E  <  2.  This  is 
consistent  with  the  theoretical  results  for  p  =  5  but  not  p  =  10.  However,  nonlinear,  time 


dependent,  multimode  simulations  for  /x  =  10  show  that  the  unstable  sidebands  saturate 
at  a  sufficiently  low  level  that  the  resulting  equilibrium  appears  single-moded  within  the 
resolution  of  the  experimental  data  (90%  of  power  in  main  mode).  Thus,  the  theoretical 
results  regarding  single- mode  operation  are  not  inconsistent  with  p=10(a  =  l)in  the 
experiment.  The  experimental  data  is  primarily  limited  to  the  lower  halves  of  the  stable 
regions,  whereas  theory  predicts  that  all  points  should  be  accessible.  Simulations  modeling 
the  finite  rise  time  of  the  voltage  pulse  indicate  that  this  is  not  a  factor  which  limits  the 
accessible  region.  The  inability  to  tune  the  gyrotron  within  the  stable  region  without  loss 
of  single-modedness  is  not  understood,  but  may  be  related  to  the  4%  ripple  of  the  voltage 
pulse  which  corresponds  to  a  variation  in  the  detuning  parameter  $. 

The  measured  electronic  efficiency  corrected  for  ohmic  effects  is  compared  in  Figure  41(a) 
and  (b)  with  the  theoretical  annular  beam  single-mode  efficiency  for  fi  =  5  and  10  and  using 
the  measured  detuning.  The  agreement  is  much  better  for  fi  =  5  tb-n  10.  The  calculated 
efficiency  for  fi  =  10  is  about  60%  greater  than  the  measured  efficiency.  In  addition,  the 
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calculated  efficiency  peaks  at  a  value  of  E  lower  than  that  suggested  by  the  data.  The 
calculated  efficiency  for  p  =  5  (a  =  0.65)  is  in  better  agreement  with  the  data  both  in 
maximum  value  and  dependence  on  E. 

VII  Discussion  and  Conclusions 

Extensive  results  have  been  obtained  for  a  CW-relevant  QOG  which  demonstrate  for  the 
first  time  many  of  the  advantages  of  this  configuration  at  output  powers  up  to  148  kW. 
A  peak  output  efficiency  of  12%  was  obtained  which  is  estimated  to  correspond  to  an 
electronic  efficiency  of  14-18%.  The  difference  between  output  and  electronic  efficiency 
is  due  mainly  to  ohmic  heating  losses  which  can  dominate  at  low  output  coupling  but 
would  not  be  a  factor  in  a  1  MW  device,  which  would  typically  have  a  much  larger  output 
coupling.  Single-mode  operation  was  observed  at  powers  up  to  125  kW,  and  the  frequency 
was  tunable  from  95  to  130  GHz  by  varying  the  magnetic  field.  Frequency  tuning  of  4% 
was  obtained  by  gun  voltage  variation.  Efficiency  optimization  by  variation  of  the  output 
coupling  and  by  tapering  the  magnetic  field  has  been  demonstrated.  The  region  of  single- 
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mode  operation  of  a  highly  overmoded  quasi-optical  cavity  has  been  characterized  for  the 
first  time. 

The  use  of  resonator  mirror  holders  allowing  flexible  and  precise  adjustment  of  mirror 
separation,  translation,  and  alignment  has  enabled  the  investigation  of  many  interesting 
features  of  the  quasi-optical  gyrotron,  especially  the  ability  to  vary  the  output  coupling 
independently  of  other  parameters.  This  allowed  the  output  efficiency  of  the  device  to  be 
optimized  over  a  range  of  beam  currents  and  operating  frequencies. 

The  theory  of  stable,  single-mode  QOG  operation  based  on  sideband  suppression  by  the 
dominant  mode  has  been  compaxed  to  experimental  data  for  the  first  time.  The  theory 
extends  previous  theoretical  work  on  the  stability  of  free  electron  lasers  [24]  to  the  QOG 
with  an  annular  beam  [23].  The  data  confirms  the  prediction  of  significant  regions  of  single¬ 
mode  operation  in  a  highly  overmoded  system  without  the  application  of  mode  stabilization 
or  selection  techniques.  The  annular  beam  geometry  was  found  to  have  a  strong  effect  on 
the  single-mode  stability:  the  stable  parameter  region  is  reduced  relative  to  the  pencil  beam 
case  due  to  the  less  effective  sideband  suppression  by  the  main  mode.  The  mode  density 
in  the  present  configuration  is  moderate:  the  mode  frequency  separation  of  ~  0.6%  leads 
to  about  5  modes  within  the  interaction  bandwidth.  Nevertheless,  the  region  of  stable 
operation  is  not  expected  to  be  greatly  affected  for  configurations  with  much  greater  mode 
density,  as  may  be  needed  in  higher-frequency,  megawatt-average-power  systems. 

As  is  the  case  for  many  high-power  millimeter-wave  experiments,  the  greatest  unknown 
here  is  the  value  of  the  electron  beam  velocity  pitch  ratio,  a,  and  its  spread.  Numerical 
modeling  is  difficult  at  best,  and  actual  experimental  measurements  are  even  more  so  and 
have  not  been  made.  The  achievable  value  of  a  is  typically  limited  in  this  experiment  by 
arcing  in  the  electron  gun  circuit.  This  can  be  caused  by  magnetic  mirroring  of  a  portion  of 
the  electron  beam,  or  by  some  of  the  beam  electrons  intercepting  the  focusing  electrodes  in 
the  gun.  Each  of  these  causes  may  be  controlled  by  varying  the  magnetic  field  (amplitude 
and  shape)  in  the  electron  gun  region  which  is  accomplished  by  varying  the  currents  in  the 
two  trim  coils.  When  maximum  power  was  desired,  the  trim  coils  were  varied  accordingly 
and  operation  was  limited  by  arcing.  Usually  the  spectrum  obtained  in  this  manner  was  not 
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single-moded,  although  occasionally  at  high  beam  current  it  was.  To  obtain  single-mode 
operation  it  was  frequently  necessary  to  adjust  the  trim  coil  currents  to  a  region  of  reduced 
operating  power  and  presumably  lower  a.  Consistent  with  the  threshold  current  data,  a 
values  of  1.5  are  considered  to  be  achievable  at  low  currents.  However,  due  to  the  spread 
in  a,  the  average  a  must  be  decreased  as  the  current  is  increased  to  prevent  arcing.  The 
amount  of  this  decrease  in  average  a  is  certainly  debatable;  however  a  =  1  seems  to  yield 
reasonably  good  agreement  between  theory  and  experiment  at  currents  above  15  amps. 
For  some  of  the  single-mode  operation  at  these  high  currents,  a  values  as  low  as  0.65  yield 
consistency  between  theory  and  experiment. 

The  accuracy  of  the  theoretical  modeling  of  the  experiment  is  limited  by  the  uncertainty 
in  the  resonator  Q  factor  as  well  as  the  uncertainty  in  the  beam  a.  Cold  tests  are  currently 
in  progress  which  should  yield  accurate  data  for  the  resonator  Q  as  a  function  of  mirror 
separation.  This  data  should  resolve  the  discrepancy,  discussed  in  Section  IV,  between  the 
Q  factor  inferred  from  threshold  current  measurements  and  the  scalar  diffraction  theory 
result. 

Although  the  fraction  of  the  total  power  lo&t  which  is  dissipated  in  ohmic  heating  is 
high  in  the  present  configuration,  the  ohmic  heating  density  is  relatively  low.  In  the  case 
of  operation  at  125  kW  and  a  frequency  of  120  GHz-demonstrated  in  this  experiment  with 
a  23  cm  mirror  separation  and  a  47  kG  magnetic  field-the  average  heating  density  (during 
the  pulse)  on  the  mirrors  was  0.6  kW/cm2.  This  is  well  within  the  ohmic  heating  limit 
of  a  few  kW/cm2  for  CW  applications.  The  peak  heating  density  (at  the  center  of  the 
mirror)  for  this  case  was  3  kW/cm2.  The  resonator  used  in  this  experiment  has  g  ~  0.3. 
The  ohmic  heating  density  could  be  reduced  by  a  factor  of  four  without  changing  the 
interaction  parameters  (except  for  mode  density)  by  decreasing  g  to  -0.65  and  increasing 
the  mirror  separation  to  75  cm. 

In  conclusion,  a  CW  relevant  quasi-optical  gyrotron  experiment  has  been  performed 
that  substantiates  many  of  the  pertinent  theories  and  demonstrates  an  understanding  of 
the  basic  physics  of  the  QOG.  The  model  used  for  the  annular  beam  predicted  very  well  the 
change  in  the  threshold  current  as  the  electron  beam  was  translated  relative  to  the  cavity 
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standing  wave  pattern.  Threshold  currents  themselves  were  also  in  good  agreement  with 
calculated  values,  with  differences  attributable  to  the  imprecise  knowledge  of  some  of  the 
relevant  parameters  such  as  the  a  value  of  the  electron  beam.  Frequency  measurements 
were  obtained  for  several  widely  varied  values  of  the  magnetic  field,  electron  beam  current, 
electron  gun  voltage,  mirror  separation,  and  electron  beam  alignment  relative  to  the  cavity 
fields.  With  the  exception  of  a  few  observed  frequencies  attributable  to  oscillations  in  the 
drift  tube  region  (i.e.  near  the  peak  of  the  magnetic  field),  each  frequency  measurement 
was  consistent  with  a  TEMoo  mode  oscillating  in  the  resonant  cavity.  Essentially,  the 
higher-order  TEM  modes  were  effectively  suppressed  due  to  their  higher  diffraction  losses. 
As  discussed  above,  regions  of  single-mode  operation  and  efficiency  are  well  predicted  by  a 
relatively  recently  developed  theory.  Finally,  efficiency  optimization  as  a  function  of  current 
and  mirror  separation  has  been  demonstrated.  To  within  the  limits  that  a  is  known,  if  the 
value  of  Ql/d  ~  I/T  is  held  constant,  the  efficiency  remains  unchanged. 

A  series  of  several  experiments  are  planned  fpr  the  future.  Immediate  plans  include  the 
incorporation  of  a  higher-power  electron  gun  capable  of  producing  50  amps  at  80  kV.  This 
electron  beam  has  a  diameter  of  1  cm  in  the  resonant  cavity,  necessitating  modification  of 
the  drift  tube,  and  the  collector  will  also  be  modified  to  handle  the  higher-power  beam. 
During  these  modifications,  a  probe  will  be  added  to  measure  any  buildup  of  charge  that 
may  be  trapped  between  the  two  peaks  of  the  magnetic  field.  One  benefit  of  using  this 
electron  gun  will  be  a  better  characterized  electron  beam,  with  average  values  of  a  «  1.5 
considered  accessible  at  high  currents,  implying  a  much  lower  spread  in  a  than  in  the 
experiment  described  here.  The  higher  input  power  from  the  electron  gun  will  make  possible 
the  use  of  a  resonator  with  larger  output  coupling,  again  to  keep  the  product  I/T  fsj  Ql/d 
the  same  as  the  lower-power  experiments.  Since  the  ohmic  losses  remain  nearly  constant, 
the  total  Q  value  for  the  cavity  will  be  essentially  unaffected  by  the  ohmic  Q,  resulting 
in  the  measured  efficiency  being  essentially  equal  to  the  electronic  efficiency.  This  fact 
will  make  interpretation  of  the  data  and  comparison  to  theory  more  straightforward.  One 
value  to  be  determined  by  the  experiment  will  be  the  maximum  value  of  current  that  can 
be  propogated  through  the  resonant  cavity.  To  enhance  this  value,  provision  has  been 
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made  to  add  a  DC  electric  field  parallel  to  the  magnetic  field,  possibly  increasing  the 
amount  of  current  that  can  be  propogated  through  the  cavity.  A  gyroklystron  experiment 
is  also  planned,  incorporating  a  quasi-optical  prebunching  cavity  with  low  mode  density 
(essentially  single-moded)  in  addition  to  the  overmoded  output  cavity.  The  circulating 
power  in  the  prebunching  cavity  will  be  low,  allowing  the  use  of  a  short  mirror  separation 
while  maintaining  CW  relevance. 
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A  Appendix:  Calorimeter  Calculations 


The  calorimeter  described  here  consisted  of  a  conducting  plate  covered  with  a  layer  of  lossy 
dielectric  material  (paint).  The  analysis  of  this  situation  is  given  here  for  the  case  of  a 
general  dielectric  material.  The  geometry  is  shown  in  Figure  19  for  the  case  of  the  electric 
field  of  the  incident  radiation  perpendicular  to  the  plane  of  incidence.  The  electric  fields  of 
the  plane  wave  incident  (Ef )  on  and  reflected  (Ef )  by  the  dielectric  as  well  as  the  forward 
(Ej)  and  reflected  (Ej)  waves  in  the  dielectric  are  given  by: 

E?  =  yEte'^-%*  (1) 

Ef  =  y£±e‘(h,*-J*-f)  (2) 

where  u  =  2 irf  is  the  angular  frequency  of  the  radiation,  k  is  the  wave  number,  r  is  the 
position  vector,  y  is  the  unit  vector  in  the  y  direction  and: 

kf  •  r  as  ki(x  sin 0 ,  ±  z  cos  0,)  (3) 

kf  •  r  —  k2(x  sin  0t±zcos  0t )  (4) 

where  0,-  is  the  angle  of  incidence  and  0t  is  the  angle  of  transmittance  shown  in  Figure  19. 
In  region  1  (free  space),  the  wave  number  is  real,  but  k  is  complex  in  the  lossy  dielectric  of 
region  2: 

k2  =  Uy/iwi  (5) 

C2  =  €^€,,(1  -  *tan0)  (6) 

where  the  permeability  of  the  dielectric,  \i 2,  is  assumed  equal  to  p0,  the  permeability  of 
free  space,  e0  is  the  permitivity  of  free  space,  tr,  is  the  real  part  of  the  dielectric  constant 
relative  to  free  space,  and  tan  8  is  the  loss  tangent  of  the  dielectric.  The  total  electric  fields 
in  regions  1  and  2  are  given  by: 

Ei  =  E+  +  E7  (7) 

E2  =  E+  +  EJ  (8) 
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and  Ef  are  the  peak  electric  field  strengths  of  the  waves  travelling  in  the  ±z  direction. 
Here  we  desire  to  calculate  the  reflection  coefficient  of  the  dielectric  layer,  i.e.  we  wish  to 
calculate  -Ef  /Ef,  and  do  so  by  applying  the  appropriate  boundary  conditions. 

First  note  that  the  tangential  electric  field  is  zero  at  z  =■  d  ,  leading  to  the  equation 

Ef  =  -£-e,2Mco4e‘.  (9) 


The  fact  that  the  tangential  electric  field  is  continuous  across  the  boundary  at  z  =  0  leads 
to  Snell’s  Law, 

k\  sin0,-  =  k^smOt,  (10) 


Ef  +  Ef  =  Ef  +  Ef.  (11) 

The  tangential  part  of  the  magnetic  intensity  (if tan)  is  also  continuous  at  z  =  0,  which 
implies 

<12> 

Using  Eq.(9)  and  performing  some  algebra  yields  an  equation  for  the  complex  reflection 
coeficient, 

£_  lz£  ns) 

Ef  l  +  D’ 

where 

n  ( cosflA  fc  f  1  +  e~iVl*dco*9t } 

(cos  0i )  Y  Co  \  1  -  e-i2^dca,e>  J  '  ^  ^ 


The  power  reflection  coefficient  is 


1  -D  2 
l+D  ’ 


A  similar  calculation  for  the  electric  field  of  the  incident  radiation  parallel  to  the  plane  of 
incidence  yields 


1  -D'  ‘ 
l  +  D'  ’ 


where 


jy  _( cosflA  ftf  f  1  +  e~ 
\cos0t )  y  t0  \l  -  e~ 


-i2kjdco»6t 


Hk^dcae  6, 
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TABLE  I 


Mirror  Diameter  (2a) 

5.0  cm 

Radius  of  Curvature  ( Rc ) 

38.7  cm 

Mirror  Separation  (d) 

20 

24 

28  cm 

Frequency  (/) 

120  GHz 

Wavelength  (A) 

0.25  cm 

Longitudinal  Mode  Spacing  (a/ //) 

0.63 

0.52 

0.45  % 

Radiation  Waist  Radius  (w0) 

1.16 

1.19 

1.22  cm 

u0/X 

4.6 

4.8 

4.9 

H  (E  =  70  keV,  a  =  1.0) 

9.8 

10.1 

10.3 

Transmission  Coefficient  (T,  round  trip) 

0.5 

1.5 

2.2  % 

Diffraction  Quality  Factor  (Qd) 

198,000 

80,000 

61,000 

Ohmic  Quality  Factor  ( Q0 ) 

354,000 

400,000 

470,000 

Total  Quality  Factor  (Q) 

127,000 

67,000 

54,000 

Fresnel  Number  (a2/Ad) 

1.25 

1.04 

0.89 

G  ((1  -  d/Re)(ai/a2)) 

0.48 

0.38 

0.28 
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Figure  1  Schematic  diagram  of  the  NRL  quasi-optical  gyrotron  experiment. 
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■gure  2  The  quasi-optical  gyrotron  resonator  showing  the  geometry  of  the  external 
netic  field  {§.),  the  RF  electric  field  (£,,),  and  the  electron  beam. 
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Figure  3  Open  resonator  stability  diagram.  The  shaded  (high-loss)  areas  are  those  in 
which  the  stability  criterion  (0  <  (1  —d/Ri)(l  —d/R?)  <  1)  is  not  satisfied.  Note  that 
the  experimental  design  lies  well  within  the  stable  region. 
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Total  Diffraction  Loss  (%) 


Mirror  Separation  (cm) 

Figure  4  Cavity  diffraction  loss  as  a  function  of  mirror  separation  for  resonant  frequencies 
of  110,  120  and  130  GHz.  The  5  cm  diameter  cavity  mirrors  had  a  radius  of  curvature 
of  38.7  cm. 
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Figure  5  Resonant  cavity  quality  factor  (Q)  including  diffraction  and  ohmic  losses  as  a 
function  of  mirror  separation  for  resonant  frequencies  of  110,  120  and  130  GHz.  The 
5  cm  diameter  cavity  mirrors  had  a  radius  of  curvature  of  38.7  cm. 


Mirror  Separation  (cm) 

Figure  6  The  ratio  of  power  lost  through  ohmic  heating  of  the  cavity  mirrors  to  the  RF 
output  power  as  a  function  of  mirror  separation  for  resonant  frequencies  of  110,  120 
and  130  GHz.  The  5  cm  diameter  cavity  mirrors  had  a  radius  of  curvature  of  38.7  cm. 


39 


LD 

y-<g 

°5dcq 

LU  fpjl—  —I 
CL^OLJJ 

O  — luq: 

-IQ-I 

LU2IU 

><  V 
ZH-  \ 

LUCO  \ 


\ 


la  £ 

r-  U 


2  JS 


40 


0021  000 V  008  009  OOP  00 Z  0 


(S1IND  HS3W)  J 

»  "  "I  I  T  ■  I  I 

9  S  P  €  Z  10 

VHS31  (2)9 


42 


Figure  9  Electron  gun  geometry  modeled  using  the  Hermannsfeldt  electron  trajectory 
code  showing  the  calculated  electron  trajectories.  Note  in  this  calculation  that  1  mesh 
unit  =  0.25  mm. 
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Beam  Current  (A) 

Figure  12  The  space  charge  depression  of  the  electron  beam  voltage  as  a  function  of  the 
beam  current  for  electron  gun  voltages  of  50,  60,  70  and  80  kV.  The  momentum  pitch 
ratio  was  assumed  to  be  equal  to  1. 
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Figure  13  Resonant  cavity  and  associated  diagnostics. 
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Figure  14  The  heterodyne  diagnostic  used  for  frequency  measurements.  The  local  oscil¬ 
lator  (LO)  is  frequency  locked  by  the  counter  (FC)  and  power  leveled  by  the  power 
monitor  (PM).  The  RF  from  the  gyrotron  (QOG)  is  mixed  with  the  LO  signal  by  the 
harmonic  mixer  (HM)  and  the  IF  signal  is  filtered  by  one  of  several  bandpass  filters 
(BPF)  before  being  amplified  (A),  rectified  (DET),  and  measured  on  an  oscilloscope. 


47 


48 


Figure  16  Modified  laser  calorimeter  used  to  measure  experimental  output  power.  The 
incident  radiation  (A)  is  absorbed  in  the  layer  of  paint  (B)  on  an  aluminum  plate  (C). 
The  temperature  rise  is  measured  by  thermopiles  (D). 
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Paint  Thickness  (cm) 

Figure  17  Measured  (solid  dots)  and  calculated  (solid  curve)  calorimeter  absorption  as  a 
function  of  lossy  paint  thickness  .  The  calculations  assumed  er  =  5  and  tan(£)  =  0.25, 
and  the  thickness  of  each  coat  of  paint  was  assumed  to  be  equal. 
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function  of  incident  RF  frequency.  The  calculations  assumed  er  =  5  and  tan(6)  =  0.25. 


Figure  19  Geometry  used  to  calculate  the  calorimeter  absorption  showing  the  angles  of 
incidence  (0.)  and  transmittance  (0<),  the  dielectric  constants  of  free  space  (e0)  and 
of  the  absorbing  paint  (e2)  and  the  RF  electric  (E)  and  magnetic  (H)  fields. 
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Figure  21  Profile  of  applied  axial  (J3„  solid  curve)  and  radial  {Br,  dashed  curves)  mag¬ 
netic  fields  measured  on  axis  (curve  1)  and  0.7  cm  off  axis  (curve  2). 
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Figure  22  Configuration  of  the  electron  gun  emitter  and  the  main  and  trim  magnetic  field 
coils.  The  trim  coil  nearest  the  emitter  generated  a  magnetic  field  in  the  direction 
opposite  the  fields  of  the  other  coils  and  the  origin  of  the  z-axis  (axis  of  symmetry) 
indicates  the  bottom  of  the  superconducting  magnet  dewar  flange. 
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Figure  23  Schematic  diagram  of  the  13  /isec,  high-voltage  modulator  used  in  the  experi¬ 
ments. 
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Figure  24  Threshold  currents  for  a  25  cm  mirror  separation.  The  solid  dots  show  data 
with  an  oscillation  frequency  of  109.8  ±  0.1  GHz,  and  the  open  circles  show  data 
with  an  oscillation  frequency  of  108.8  ±  0.1  GHz.  The  solid  (dashed)  curves  show 
theoretical  results  based  on  a  —  1.5  for  longitudinal  modes  with  an  electric  field 
maximum  (minimum)  coinciding  with  the  electron  beam  axis. 


Threshold  Cu 


Magnetic  Field  (kG) 

Figure  25  Threshold  current  dependence  on  a  for  a  mirror  separation  of  25  cm.  The  solid 
curve  shows  the  theoretical  result  for  a  =  1.5,  the  dashed  curve  corresonds  to  q  =  1, 
and  the  dash-dot-dash  curve  corresponds  to  a  =  2.  Other  parameters  are  as  given 
for  Figure  24. 


Figure  26  Threshold  currents  for  a  20  cm  mirror  separation.  The  solid  dots  show  data 
with  an  oscillation  frequency  of  109.8  ±  0.1  GHz,  and  the  open  circles  show  data  with 
an  oscillation  frequency  of  109.2  ±0.2  GHz.  The  solid  curves  show  theoretical  results 
based  on  a  =  1.5  and  the  electron  beam  axis  located  midway  between  the  electric 
field  maxima  for  adjacent  longitudinal  modes  of  the  resonator.  The  two  thicker  line 
theoretical  curves  correspond  to  frequencies  of  109.05  (minimum  oscillation  current  at 
~  42.8  kG)  and  109.8  GHz  (minimum  oscillation  current  at  ~  43.2  kG). 
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Figure  27  Threshold  current  dependence  on  beam  translation.  The  solid  dots  show  data 
for  a  20  cm  mirror  separation,  a  gun  voltage  of  54.2  kV,  a  magnetic  field  of  43  kG, 
and  an  oscillation  frequency  of  111  ±  0.1  GHz.  The  solid  curve  is  proportional  to  the 
amplitude  squared  of  the  standing-wave  RF  field  of  the  resonator. 
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Figure  28  Output  power  vs.  mirror  separation  for  a  50  kG  magnetic  field.  The  solid 


square  data  corresponds  to  a  gun  voltage  of  V  =  66.7  kV  and  a  beam  current  of  8  A. 
The  solid  dot  data  corresponds  to  a  gun  voltage  of  V  =  71.5  kV  and  a  beam  current 
of  13.5  A. 
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Figure  29  Output  power  vs.  beam  current  for  20  cm  mirror  separation  and  a  gun  voltage 
of  71.5  kV.  The  magnetic  field  is  44,  47,  and  50  kG  for  the  solid  square,  solid  dot,  and 
solid  triangle  data,  respectively.  - 
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Figure  30  Output  efficiency  vs.  beam  current  for  20  cm  mirror  separation  and  a  gun 
voltage  of  71.5  kV.  The  magnetic  field  is  44,  47,  and  50  kG  for  the  solid  square,  solid 
dot,  and  solid  triangle  data,  respectively. 
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Figure  32  Electronic  efficiency  vs.  Ql/d.  The  solid  curve  shows  results  from  a  multimode, 
annular  beam  simulation.  The  solid  dots  and  triangles  show  the  estimated  electronic 
efficiency  for  the  50  kG  power  data  shown  in  Figure  29.  The  solid  dots  are  based  on 
the  diffraction  Q  obtained  from  scalar  diffraction  theory,  and  the  solid  triangles  are 
based  on  the  Q  inferred  from  the  threshold  current  data. 
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Figure  33  Output  power  and  efficiency  operation  with  a  50  kG  resonator  magnetic  field 
and  gun  voltages  of  71-74  kV.  The  mirror  separation  for  the  data  shown  by  the  solid 
and  open  squares  is  20  cm,  and  is  23  cm  for  the  data  shown  by  the  solid  and  open 
circles  and  triangles.  The  resonator  magnetic  field  has  a  2%  negative  taper  for  the 
data  shown  by  the  solid  and  open  circles. 
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Figure  34  Frequency  tuning  by  magnetic  field  variation.  The  oscillation  frequencies  are 
shown  by  +’s  and  the  output  power  is  shown  by  the  solid  dots.  The  gun  voltage  and 
beam  current  66.7  kV  and  12  A,  respectively. 
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Figure  35  Frequency  tuning  with  gun  voltage  variation  for  a  magnetic  field  of  50  kG,  a 


current  of  ~  10  A  and  a  20  cm  mirror  separation.  The  oscillation  frequencies  are 


shown  by  the  solid  dots  and  the  large  dots  indicate  the  dominant  mode. 
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Figure  36  Mode  frequencies  as  a  function  of  current  for  a  magnetic  field  of  47  kG  with  a 
2%  negative  taper,  a  fixed  voltage  of  71.5  kV,  and  a  23  cm  mirror  separation. 
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Figure  38  Output  power  for  single-moded  or  near  single-moded  operation  for  a  magnetic 
field  of  47  kG  and  frequencies  of  119-120  GHz.  The  mirror  separation  is  23,  25.5,  and 
28  cm  for  the  solid  dots,  triangles,  and  squares,  respectively. 


Normalized  Beam  Current 

Figure  39  Resonance  detuning  dependence  on  beam  current  normalized  to  the  threshold 
current.  The  detuning  in  (a)  is  uncorrected  for  space- charge  effects,  the  data  in  (b) 
includes  a  space-charge  correction.  The  solid  dots,  triangles,  and  squares  correspond 
to  the  data  shown  in  Figure  38. 
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Figure  40  QOG  normalized  operating  parameter  space  for  (a):/*  =  5  (a  =  0.65)  and 
=  10  (a  =  1).  The  solid  dots,  triangles,  and  squares  correspond  to  the  data 
shown  in  Figure  38.  The  solid  curves  indicate  the  boundary  of  the  predicted  region  of 
stable  operation. 


onic  Efficiency  (%) 


Figure  41  Comparison  of  theoretical  and  experimental  electronic  efficiencies  for  (a)  \i  = 
5  (a  »  0.65)  and  (b)  p  =  10  (a  =  0.65).  The  solid  dots,  triangles,  and  squares 
correspond  to  the  data  shown  in  Figure  38. 
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